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Abstract

To meet new noise reduction goals, many concepts
to enhance mixing in the exhaust jets of turbofan

engines are being studied. Accurate steady
state flowfield predictions from state-of-the-art
computational fluid dynamics (CFD) solvers are needed

as input to the latest noise prediction codes. The main
intent of this paper was to ascertain that similar Navier-

Stokes solvers run at different sites would yield
comparable results for an axisymmetric two-stream
nozzle case. Predictions from the WIND and the

NPARC codes are compared to previously reported
experimental data and results from the CRAFT Navier-

Stokes solver. Similar k-epsilon turbulence models

were employed in each solver, and identical

computational grids were used. Agreement between
experimental data and predictions from each code was
generally good for mean values. All three codes
underpredict the maximum value of turbulent kinetic

energy. The predicted locations of the maximum
turbulent kinetic energy were farther downstream than

seen in the data. A grid study was conducted using the
WIND code, and comments about convergence criteria
and grid requirements for CFD solutions to be used as

input for noise prediction computations are given.
Additionally, noise predictions from the MGBK code,

using the CFD results from the CRAFT code, NPARC,
and WIND as input are compared to data.

Introduction

In 1994, NASA Glenn Research Center initiated

work to reduce noise from the exhaust jets of turbofan
engines under the Advanced Subsonic Transport (AST)

program. An experimental program was designed to
quantify jet noise reductions achieved by the addition of
passive mixing devices (tabs and chevrons) to the core
nozzle of a separate-flow jet. The baseline nozzle

model that had no tabs or chevrons is shown in Figure 1

(3BB). Researchers seek to understand more clearly
how these passive mixing devices act to reduce noise,
and look to results from current Navier-Stokes solvers

and acoustic codes to shed fight on the complex physics
of these jets.

The goal of this paper was to address three issues

related to mean flow and acoustic predictions for the
baseline nozzle shown in Figure 1. First, we wanted to
determine if three different Navier-Stokes codes run at

three separate locations using the same computational
grid and input conditions would yield similar results.
Secondly, since the output from the Navier-Stokes

codes would be used as input to the MGBK acoustic
code, efforts were made to determine what would be

suitable convergence criteria for the mean flow

solutions. Lastly, a grid study was conducted to

determine if the initial grid would yield grid
independent acoustic results.

Aerodynamic Predictions

Computational Details

The CRAFT code, developed by Combustion
Research and Flow Technology, Inc. is a finite-volume
structured Navier-Stokes code. The WIND code was

developed by the NPARC Alliance and the Boeing
Company and is also a structured, multi-zoned

compressible flow solver. NPARC was developed by
the NPARC Alliance members, NASA Glenn Research

*SeniorMember, AIAA.
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Centerandthe U.S.Air ForceArnoldEngineering
DevelopmentCenter.It isalsoageneralpurposecode
thatsolvestheNavier-Stokesequationsin a central-
differenceform. The experimentaldata for this
axisymmetricjet case,aswellasfornozzlesemploying
tabsandchevronswerecollectedattheNASAGlenn
ResearchCenter.Moredetailsaboutthe CRAFT
Navier-Stokessolverandthe experimentaldataare
givenin Reference1.TheWINDandNPARCcodes
aredescribedmorefullyinReference2.

Severalkeyfeatureswerecommonbetweenthe
threedifferentNavier-Stokessolversusedin thisstudy.
Eachwascapableofrunningmultiple-blockstructured
gridswithI-blankedsections.Eachhadaselectionof
turbulencemodels,andeachallowedtheusertospecify
theturbulentPrandtlnumber.Eachcodewascapableof
running2-dimensionalor 3-dimensionalproblems.
Everyattemptwasmadetoformulatetheinputforeach
simulationto beasidenticalaspossible.Basedon
the recommendationsof Kenzakowski,et al. in
Reference1,theChienk-epsilonturbulencemodelwas
usedfor eachsimulationwith a turbulentPrandtl
numberof 0.70.Nocompressibilitycorrectionswere
usedin thesimulations.

Thecomputationalgridforthetwo-streamseparate
flowjet,mirroredaboutthex axis,isshowninFigures2
and3 (gridlineshavebeenremovedin bothviewsfor
clarity).This grid was originallygeneratedby
Kenzakowski,etal.andwasalsousedin theWINDand
NPARCsimulations.Portionsofthecoreandfanductare
representedin thesingle-blockI-blanked,2-dimensional
grid.Thegridhad547gridlinesin theaxialdirection,and
160gridlinesin theradialdirection.Thegridextendedat
least15fandiametersdownstreamof thecenterbody
trailingedge.Thegridwasrelativelylooselypackednear
the solidsurfacesto minimizecomputationalcosts.
Becauseof this,wallfunctionswereemployedin each
codeto calculatethe nearwall flow characteristics.
Uniformsubsonicconditionswereimposedatall inflow
boundariesandaregiveninthetablebelow.

FanConditions
TotalPressure
TotalTemperature

CoreConditions

26.353psia
600.000R

TotalPressure 24.193psia
TotalTemperature 1500.000R

FreestreamConditions
StaticPressure
StaticTemperature
MachNumber

14.400psia
529.670R

0.28

Carefulconsiderationwasgivento thecriteria
chosentomonitorconvergenceofthenewaerodynamic
predictionsfrom the WIND and NPARCcodes.
Georgiadis,et al. establishedtwo criteria for

determiningthefinalsolutionfor asinglestreamjet in
Reference2. In thetwo-dimensionalejectornozzle
describedin Reference2, theL2 residualerrorwas
requiredto dropatleastfourordersof magnitude,and
thechangesin the velocityat all pointsalongthe
centerlineweremonitoredfromoneiterationsettothe
next(500-1000iterationsperset).Theyconsidereda
"finalsolution"tohavebeenreachedwhenthechanges
in centerlinevelocitiesfrom setto setwerebelow
0.001percent.

The convergencecriteria establishedby
Georgiadis,etal.wasadaptedto themorecomplicated
separateflow nozzlestudiedin this work. Here,
calculationswererunin setsof 5000iterationseach.
L2 residualerrorswererequiredto dropby at least
threeordersof magnitude.Adjusting for the larger
number of iterations per set, a "final solution based on

centerline velocities" was reached when changes in
centerline velocities from set to set were no more than
0.01 percent.

Since these steady state aerodynamic predictions
were going to be used as input for an acoustic

prediction code, an additional convergence criterion
was added. As reported by Hamed, et al. in Reference
3, acoustic predictions are sensitive to the maximum

level of turbulent kinetic energy and the dissipation
rate. For a single stream jet, the maximum level of

turbulent kinetic energy would lie along a lip line
originating from the nozzle exit. Since the two-stream

nozzle studied here had no such obvious lip fine, an
"equivalent lip fine" was established for the purpose of

monitoring the convergence of turbulent kinetic energy.
To do this, the computation was run until centerline

velocities were converged. An axial line was drawn at
the radial location of the maximum turbulent kinetic

energy. This line was called the equivalent lip fine.
Changes in the value of turbulent kinetic energy along
the equivalent lip line were monitored. A "final solution

based on turbulent kinetic energy" was reached when

changes in turbulent kinetic energy along this line were

below 0.01 percent. This criteria was applied to axial
locations greater than five fan diameters downstream of

the fan nozzle exit plane to the end of the domain.

Results

Comparisons between the observed and calculated

jet plume begin with the flooded contour plots in
Figures 4 through 7. Comparisons are made of the axial
velocity distributions, total temperature and total
pressure distributions, and the distribution of turbulent
kinetic energy. Black vertical lines are visible on each

plot which indicate the four axial stations where the line

plots shown in Figures 8 through 11 are located

(X/D = 1.08, 3.09, 6.39, and 8.04). All lengths are

nondimensionalized by the fan diameter. Qualitatively,
the three Navier-Stokes codes appear to predict the

NASA/TMm2002-211350 2



magnitudeanddistributionsof axialvelocity,total
temperature,andtotalpressurereasonablywell.

The agreementbetween the experimental
distributionof turbulentkineticenergyandthevalues
calculatedbyeachof thethreeNavier-Stokescodesis
notasclose.Thereis amismatchbetweenthelocation
andmagnitudeof the areaof maximumturbulent
kineticenergy.Thecodespredictthatthe areaof
maximumturbulentkinetic energyoccursfarther
downstreamthatwhatwasseenin theexperiment.The
CRAFTcodepredicteda valueof the maximum
turbulentkineticenergyapproximately20%lowerthan
themeasuredvalue,withthelocationofthemaximum
approximately22% farther downstream.NPARC
underpredictedthemaximumturbulentkineticenergy
by approximately30%,with the maximumlocated
nearly25%fartherdownstream.WINDcamecloserto
predictingthemeasuredmaximumturbulentkinetic
energyby underpredictingby only 14%,but the
locationofthismaximumwasfartherdownstreamthan
theothertwocodesatapproximately41%fartherthan
thedata.

Thereasonfor thisdiscrepancyis not entirely
clear.It ispossiblethatthedifferencein theturbulent
kineticenergyplotsarearesultofthewaythatthedata
hasbeenaveragedandthewaythatthecodescalculate
turbulentkineticenergy.The flow solversall use
Favre-averagedvariables,calculatingturbulencekinetic
energyasvarianceof momentumfluctuationsdivided
by the averagedensity,whereasthe experimental
turbulencekineticenergyis directlycalculatedby
varianceof velocity.Theunknowncorrelationof
densityand velocityfluctuationsmakethesetwo
measuressomewhatincompatible.Alternately,it isalso
possiblethatthe moreintensemixingseenin the
experimentaldatais a resultof three-dimensional
effectsnotevenmodeledin the2-D axisymmetric
calculations.

Takingtheinvestigationfurther,effortsweremade
to determineif andwherethistwo-streamjet exhibited
single-streamroundjet behavior.The data and
computationalresultswere examined,and the
non-dimensionalizedvelocityprofileswereplotted.The
experimentshowedthattheaxialvelocityprofileswere
self-similar at axial locations greater than
approximatelysixfandiametersdownstreamof thefan
nozzleexitplane.Self-similarityof thecomputednon-
dimensionalizedaxialvelocitieswereseenat axial
locationsgreaterthantenfandiametersdownstreamof
thefannozzleexitplane.Thenon-dimensionalvelocity
profilesin theregionsof self-similarityareshownin
Figure12. According to References 4 through 6, the
spreading rate of the jet in this region should be

constant. Figure 13 shows that the calculated spreading
rate as a function of non-dimensionalized axial
distance.

Demonstrating that there was a region of
self-similarity was interesting for several reasons.

Firstly, it relates this more complicated geometry to the

better understood round free jet case which may
provide more consistent interpretations of results.

Secondly, since the spreading rate in this region is a
single constant number which represents the way in

which the jet mixes (which is of particular importance
if acoustic predictions are to be made) it lends itself

well to be used as a metric in a grid study.
A grid study was conducted using the WIND code.

Following the procedures described by Roache in

Reference 6, two additional grids were made,

containing approximately ten and twenty percent more
grid points in each direction than the original grid,
while keeping all other packing and distribution

features the same. Grid 1 was the original grid and had
dimensions of 547 by 160. Grid 2 had dimensions of

603 by 177, and the finest mesh, Grid 3, had

dimensions of 658 by 192. The self-similar velocity
profiles for these two finer meshes are also found in

Figure 12. The spreading rate was calculated for each of

the three meshes, and Richardson extrapolation was

used to estimate the asymptotic value of the spreading
rate. The spreading rates were plotted in Figure 14 as a
function of non-dimensionalized grid spacing. Grid

spacing was non-dimensionalized by the spacing of the
finest grid. It was found that the asymptotic value of the
spreading rate was 0.004652 with an error band of

0.3676 percent. Results from the MGBK code which

will be discussed below, show that these computational
meshes did yield grid independent acoustic results.

Acoustic Predictions

Computational Details

Turbulent mixing noise from the underlying
unsteady flow is predicted using averaged equations of
motion. This involves two steps: modeling of noise
sources of fine-scale turbulence, and mean-flow

refraction effects as the sound propagates through the

shear flow to a far-field observer. -The governing
equation describing the source as well as refraction

effects is the third-order wave equation known as

Lilley's equation. For our application, this equation is

linearized about a unidirectional transversely sheared
mean flow. The relevant noise sources are the so-called
self- and shear-noise terms as described in MGBK

prediction methodology. 8 The remaining sources are

neglected as argued in Reference 9. As usual, a high-
frequency Green's function derived for a locally
parallel jet 1° is used to account for propagation effects.
This function is essentially responsible for attenuation
of the high-frequency noise near the zone of silence. It

is also responsible for the peak directivity that is
formed near the zone of relative silence.

NASA/TM--2002-211350 3



Two-pointspace-timecorrelationof turbulent
velocitycomponentsis modeledasanaxisymmetric
tensoraboutthedirectionof meanflow.Thismodels
introducestwoadditionalparameters,i.e., u 2/u 2 and

A=L 2/L 1which need to be provided as input to noise

prediction. These factors define the ratio of the axial

and transverse velocity components and length-scales.
Subcripts 1 and 2 denote the axial and lateral directions

respectively. In the special case of an isotropic
turbulence both parameters become unity. In general,

sound spectral intensity is scaled as k7/2(_-227o)4 ,

where the characteristic frequency 27o 1 is related to

turbulence kinetic energy k and its dissipation rate e as

27o= 2k/e and f2 is source frequency.

Results

Noise spectra and directivity are presented for three
sets of RANS predictions, i.e., NPARC, CRAFT and

WIND on an arc R/D = 62.5. Comparison of the
turbulence profiles indicates that CRAFT and WIND

solutions predict a higher level of turbulent kinetic

energy at the peak compared to the NPARC solution,

e.g., by as much as 20% at X/D = 8.04. The predicted
noise levels (Fig. 15) also differ between 2.0 to 3.0 dB

as indicated by k7/2 scaling law. This difference in

predicted noise is primarily reflected into the low- to

mid-range frequency. High-frequency noise is mostly
radiated near the exit and predictions exhibit better

agreement in this range as there is less discrepancy in
predicted turbulence level near the exit. The sound

pressure level directivity (Fig. 16) shows reasonable

agreement with data at most angles. Near the peak,
however, the agreement is not as good. It is not clear if
this difference is due to contribution from other

sources, such as larger scale of motion that radiate at

shallow angles, or selection of turbulence anisotropy

parameters (A, u2/u 2 ) or perhaps the Green's function

itself. Here, we have selected (0.6, 0.6) as our input
parameters. For example, Figure 17, obtained with the
NPARC solution, shows how Delta-dB in noise level

from 90 ° to 160 ° depends on selection of anisotropy

factors. The figure shows that a new set of parameters

such as (A,u_/u21)= (0.73, 0.5) could change Delta-

dB in noise directivity from its current value of 13.0 to

16.0 dB. In general, increased anisotropy adds to the
noise level at near peak angles.

The effect of grid density on radiated noise is
studied by considering two WIND solutions, i.e., Grid 1

(547 by 160) which was discussed above, and the finest

gridmGrid 3 (658 by 192). The predicted spectra are
virtually indistinguishable, as the maximum difference

in noise level is of the order of 0.10 dB. Comparison of

two RANS solutions further confirms lack of sensitivity

of the mean and turbulence parameters to grid density
beyond Grid 1. Figure 18 shows mean velocity,

turbulence kinetic energy and characteristic frequency
comparisons at X/D = 7.5.

Conclusions

Conclusions can be drawn from the results
presented here that three Navier-Stokes solversm

CRAFT's code, WIND, and NPARCRare all capable

of providing mean flow predictions suitable for input
into the MGBK noise prediction code. Comparable
results were achieved from all three codes using the
same grid and input conditions. All three codes
underpredicted the maximum value of turbulent kinetic

energy and calculated that the area of maximum
turbulent kinetic energy would occur farther

downstream than the experiment showed. The

differences between the predicted turbulent kinetic
energy distributions exhibited a 2.0 to 3.0 dB difference

in calculated noise levels, as indicated by k7/2 scaling
law.

Since the mean flow results were be used as input

for the MGBK acoustic prediction code, convergence
criteria for this problem were discussed. It is

recommended that a final solution would have to meet

three criteria: the L2 residual error must have dropped

at least three orders of magnitude, and that changes in
both the centerline axial velocities and turbulent kinetic

energy along an equivalent lip line be below
0.01 percent over a 5000 iteration set.

Finally, results from the grid study using WIND
and MGBK showed that the original computational
mesh yielded grid independent acoustic results.
Spreading rate can be calculated and is a useful metric
for a grid study.
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